Abstract. The Ni-Co/HZSM-5 methane dehydroaromatization (DHA) catalyst was prepared using wet impregnation. The catalysts were characterized by XRD, TEM, TG-DSC, FT-IR and XPS techniques before and after reaction. The results show that the maximum conversion rate of methane DHA at 580℃ reached 39.8%. The carbon-silicon-oxygen compound after reaction is the main component of coke on surface of the catalyst. The carbon content of the spent catalyst was 490% higher than that of the fresh sample, indicating a vigorous reaction formed, and there's the possibility of co-catalysis of cobalt and nickel metal in the methane DHA reaction. XPS analysis showed that the catalyst surface coking and deactivation were due to the polymerization of ethylene. The formation of ethylene is believed to be the result of the dehydrogenation of CH 4 in the synergistic action of lattice oxygen and cobalt-nickel in the molecular sieve. The decrease of oxygen content on the surface of the catalyst indirectly proves that the oxygen in the catalyst is involved in the methane dehydrogenation reaction.
Introduction
With the continuous reduction of oil resources, methane is a potential substitute for oil due to its transport difficulties and stability [1] [2] . The current focus of methane conversion research [3] is the heterogeneous catalytic DHA of methane to produce aromatics, as shown by the reaction (1) or by the production of ethylene through the oxidative coupling of methane, and ethylene oligomerization to produce higher hydrocarbons [4] , or methane aromatization [5] , using metal catalysts such as Mn, Mo, Zn, Fe and Ga or noble metal Rh, Pd, Ru and supported silica and molecular sieves. 6CH 4 → C 6 H 6 + 9H 2 (1)
However, good catalyst should have high activity, especially at low temperatures, high selectivity and stability. Changes in activity loss and selectivity levels caused by deactivation of the catalyst are generally unavoidable. Therefore, for economic reasons, to find ways to reduce catalyst deactivation in theory is very necessary [6] . In the catalytic dehydrogenation of methane, undesired carbonaceous materials are generated and deposited on the catalyst surface. This material plays a major role in the deactivation of the catalyst during the methane dehydrogenation and ethylene (or acetylene) polymerisation reaction. Although a great deal of research has been conducted on the formation and properties of coke deposited on these catalysts, mainly Mo, however, the reaction temperature is generally high (usually 700-1050℃), leading to high energy consumption and equipment materials. So far, the coking problem of methane catalytic aromatization has never been solved. Coking studies for methane DHA catalysts such as cobalt and nickel, especially at low temperatures (e.g. below 600℃) have not been reported.
Taking into account its shape-selective properties and significant active site characteristics, zeolite (e.g.ZSM-5) is mainly used as a catalyst carrier in the refining and petrochemical industry, transition metals can activate hydrogen and zeolites to show strong cleavage due to their acidic sites and porous structure properties. Therefore, the Ni, Co and HZSM-5 catalysts for DHA applications were used to study their activity and carbon deposition, they can promote the aromatization or polymerization of ethylene, considering the dehydrogenation of methane to form ethylene or acetylene intermediates [7] [8] .
In this paper, the Ni-Co/ZSM-5 composite catalyst for methane DHA was prepared by wet impregnation. The surface carbon deposition of the catalyst was characterized by TG-DSC, XPS, TEM and XRD technique. The results show that the maximum conversion rate of methane DHA at 580℃ reached 39.8%, the carbon-containing silicon-oxygen compound is the main component of coke on catalyst. XPS analysis indicated that the contents of carbon, oxygen and silicon in the spent catalyst were 78.0%, 16.1% and 4.97%, respectively. This demonstrates that the carbon content of spent catalyst was 490% higher than the fresh catalyst, indicating a vigorous reaction formed, cobalt and nickel metal in the methane DHA reaction there is the possibility of synergistic catalysis.
Experimental

Chemicals.
All reagents used were of analytical pure. [9] .
Determination of catalytic activity. The activity of Co-Ni/ZSM-5 zeolite catalyst was measured in a self-made miniature fixed-bed reactor. The reactor was made of quartz glass with inner diameter of 10mm and length of 300mm. The reaction gas pressure was 0.1MPa and methane purity was 99.9% gas flow rate of 60ml/min. Methane gas was bubled into the buffer bottle, the gas was flow through the first 10mm diameter 300mm quartz glass tube pre-heater, then into the fixed bed diameter of 10mm long 300mm quartz glass tube, In the middle of the packed fixed bed reactor, 0.702 g of a 9% by weight Ni-Co(1:1mol)/ZSM-5 catalyst was added. The fixed bed of the catalyst was first activated by N 2 or air at an activation temperature of 400℃ and then replaced by methane, the reaction temperature was set at 400-580℃. The reaction product was condensed and cooled, and the mixed gas of the non-condensable brown volatile gas containing the aromatic compound overflowed from the reactor was injected through a 6-way valve and detected on-line using GC2060-TCD. The resulting liquid oil was analyzed by GC 2060-FID. When the temperature is at 580℃, the reaction is intense, after condensation and liquefaction, the uncondensed tail gas was brown and overflowed with de-ionized water to absorb light brown. After completion of the reaction, the reaction mixture was cooled to room temperature to remove the catalyst.
Apparatus and analysis.
The XRD patterns of all the samples were recorded on a XRD-6000, Shimadzu X-ray diffractometer using a Cu Kα radiation source in the 2θ range of 4°-50°. HTEM (High-resolution Transmission Electron Microscope) investigations were carried out using a JEM-2010 (200kV). The gas chromatograph used was GC-2060, a TCD detector used and equipped with a carboxen-1010 capillary packed column, the carrier gas was high purity hydrogen. Fourier transform infrared spectroscopy (FT-IR) analysis was carried out using Thermo Scientific Nicolet 8700, potassium bromide tablets. TG-DSC curves were recorded by DTG-60H and DSC-60 Shimadzu thermal analyzer. The carrier gas was nitrogen or air gas, the heating rate was 10℃/min. XPS analysis was an X-ray source of mono-color Al Ka and the Thermo ESCALAB 250 model was used.
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Results and Discussion XRD. Figure 1(a) , the 2θ (°) has a weak peak near 37.01 due to the diffraction peak of nickel and cobalt alloy NiCo 2 O 4 . After the reaction, it can be seen that the peak of nickel and cobalt and molecular sieve disappeared, TG-DSC. Figure 2 shows the TG-DTG curve of the spent catalyst regenerated in an air atmosphere. When the decomposition temperature is 200, 500, 600 and 700℃, the conversion of catalyst is 4.82, 12.18, 40.51 and 41.43%. It mean that under the action of oxygen in air, the conversion of carbides to CO 2 , the highest content of the transformed carbon in the catalyst is 41.43%, the content of nickel-cobalt molecular sieve and un-decomposed carbon in the spent catalyst is 58.6%. From the TG curve, the initial, maximum (T p ) and termination decomposition temperature of the catalyst were 252℃, 537.0℃and 667℃respectively. It showed that the catalyst and its residual carbides were 58.7% regenerated in the air at 700℃. The DSC curves of thermal decomposition in different atmospheres are shown in Figure 3 . It mean from the curve 1 in the air atmosphere and 450-600℃, non symmetrical exothermic phenomena are observed, indicating the presence of different overlapping oxidation peaks corresponding to different carbonaceous species on the surface of the spent catalyst. When exothermic peak temperature was 537.4℃, its maximum mass loss was 25.3%. While the curve 2 and 3 in nitrogen atmosphere, almost two straight lines, there is no endothermic or exothermic peak temperature generation. 
XPS.
Atom (%) of the Ni, Co, C and O for the Ni-Co/ZSM-5 catalysts obtained by XPS analysis showed that after reaction except the C1s increase from 13.07 to 78.02%, the oxygen atoms is reduced from 57.46% to 16.06%, nickel and cobalt atom% are reduced from 9.87 and 3.59% to 0.28 and 0.41%, respectively. The weight (%) of elements analysis showed that the fresh catalyst compared with the spent one, except the C1 increase from 15.19 to 84.35%, the oxygen wt% is reduced from 38.25% to 8.89%. Nickel and cobalt wt% are reduced from 7.04 and 3.76% to 0.24 and 0.29% respectively. Co2p curves showed that two characteristic peaks at 780.9 eV and 796.3eV attributed to Co2p3/2 and Co2p1/2 respectively for fresh sample. The Co2p3/2 peaks revealed the presence of metallic Co 3 O 4 (Co 3+ ). Whereas the binding energies at 798.0eV refer to the Co2p1/2 satellites for the spent catalyst. The increase in the binding energy suggested the withdrawal of valence electron charge occurred through oxidation, resulting in higher oxidation state. This result implied a d-electron transfer between Ni and Co in the catalyst, resulted in the enrichment of electron on elemental Ni [11] . This result is in accordance with the XRD result, where an additional peak of NiCo 2 O 4 was detected in the catalyst. Since the characteristic peaks of pure metal oxides were still present, only partial transformation of NiO and Co 3 O 4 into Ni-Co alloy occurred. Figure 5 (a) shows XPS profiles of coke deposited on the Ni-Co/ZSM-5 catalysts. It reveals nickel, cobalt, oxygen and carbon elements on the coke surface. When placed in air, most of the oxygen was adsorbed into the surface of the spent sample. Ni and Co found on the upper surface showed that coke deposition on the catalyst after DHA at varying temperatures was not uniform. Rather, the coke did not cover the catalyst surface fully. This was also confirmed via TEM imaging. Ni and Co signal intensities decreased as reaction temperatures increased, and lower Ni and Co signals were found than the fresh catalyst, indicating that the catalyst surface was gradually covered by coke with increasing temperature. Based on the signal C1s value shown in Figure 5 Compared with the fresh catalyst, the binding energy of the spent sample decreased obviously from 284.6 to 284.8 eV, which was due to the formation of carbides formed by the polymerization of ethylene or acetylene in methane DHA. The carbon content of the spent catalyst was 490% higher than the fresh catalyst, indicating a vigorous reaction formed at 580℃, this is presumably the result of synergistic catalysis of nickel and cobalt. The rapid reaction proceeds through methane DHA and polymerization or hydrogen transfer, through the active intermediates ethylene, acetylene or aromatics in the carbide. it also shows the quantitative distribution of coke deposited on the catalysts, as coke forming reactions occur on catalyst surfaces, the degree of coking is controlled by the surface structures.
The O1s spectra for the spent catalyst is shown in Figure 5 (c). The O1s binding energy located at 530~532.0eV for the fresh catalyst is mostly attributable to adsorbed oxygen, which formed an O=C-O bond. The binding energy 533.5eV for the spent catalyst is attributable to O-C binding in coke. It is also attributed to a shift towards electron charge donation from coke to framework atoms of Si and O. Comparing the two spectra, the intensity of the component representing O-C bonds decreased. The peak of the spent catalyst near 530 and 532 eV almost disappeared, this indicates that the adsorbed oxygen in the pore of the molecular sieve is greatly reduced, oxygen may be replaced by carbon.
FT-IR.
FT-IR spectra of the Ni-Co/ZSM-5 catalyst exhibited absorption bands at 3154~3453 cm -1 and 1634 cm -1 attributed to the stretching vibrations of terminal Si-OH groups and adsorbed water molecules. While the vibration peak 3453cm -1 for the molecular sieve within the hydroxyl vibration peak, moved to 3438cm -1 , decreased significantly before and after the intensity of the reaction. This is due to the carbon deposition on the surface of the molecular sieve particles, leading to a reduction in oxygen on the Si-OH and Si-O groups.
Catalytic reaction. The reactant was passed over the activated catalyst and the products were analyzed using online gas chromatograph. The methane conversion was calculated according to the following formula (2):
where [CH 4 ] in and [CH 4 ] out are the molar concentration of methane in the feed and effluent. The reaction product consists of three parts:(1) the uncondensed gas phase is methane, ethylene and volatile aromatics analyzed by the GC2060-TCD; (2) the condensed liquid oil is aromatics analyzed by GC2060-FID; (3) the catalyst is coking carbide. The conversion of methane DHA for the Ni-Co /ZSM-5 catalyst was shown that as the temperature raised to 580℃, the conversion rate of methane increased to 39.8%, then decreased sharply, at this point may be due to serious carbon deposition catalyst pores, then flow gas resistance increases, resulting in lower reaction rate may be caused by the radical initiation of the methyl radical chain, resulting in ethylene polymerization and aromatics generation.
Conclusion
The study on the activity of the Ni-Co/ZSM-5 catalyst for methane DHA showed that the maximum conversion rate of methane at 580℃reached 39.8%. The carbon containing siliconoxygen compound is the main component of coke on catalyst. The carbon content was 490% higher than before the reaction, indicating a vigorous reaction formed. This indicates that there is the possibility of synergistic catalysis for cobalt and nickel metal. XPS analysis indicated that the catalyst surface coking was due to the polymerization of ethylene. The formation of ethylene is presumed to be the result of the dehydrogenation of CH 4 under the synergetic action of lattice oxygen of the molecular sieve and cobalt-nickel. The decrease of oxygen content after coking on the catalyst surface indirectly proves that the oxygen in catalyst is involved in the methane DHA.
